Numerous studies have demonstrated that sighted and blind individuals find it difficult to recognize tactile pictures of common objects. However, it is still not clear what makes recognition of tactile pictures so difficult. One possibility is that observers have difficulty acquiring the global shape of the image when feeling it. Alternatively, observers may have an accurate understanding of the shape but are unable to link it to a particular object representation. We, therefore, conducted two experiments to determine where tactile picture recognition goes awry. In Experiment 1, we found that recognition of tactile pictures by blindfolded sighted observers correlated with image characteristics that affect shape acquisition (symmetry and complexity). In Experiment 2, we asked drawing experts to draw what they perceived after feeling the images. We found that the experts produced three types of drawings when they could not recognize the tactile pictures: (1) drawings that did not look like objects (incoherent), (2) drawings that looked like incorrect objects (coherent but inaccurate) and (3) drawings that looked like the correct objects (coherent and accurate). The majority of errors seemed to result from inaccurate perception of the global shape of the image (error types 1 and 2). Our results suggest that recognition of simplistic tactile pictures of objects is largely inhibited by low-level tactile shape processing rather than high-level object recognition mechanisms.
Introduction
Past research demonstrates that tactile picture recognition is difficult for normallysighted and visually-impaired individuals. Observers typically recognize only 30-40% of test images, even though the images are usually simplistic raised-line drawings of common objects (Fig. 1) . However, it is trivial for sighted observers Figure 1 . Accuracy (percent correct) of sighted and blind participants in naming objects depicted in tactile or visual line drawings (data compiled from Heller, 1996; Klatzky et al., 1993; Lederman et al., 1990 and Loomis et al., 1991). to recognize the same drawings visually. These findings raise the obvious question of why tactile pictures are so difficult to understand.
Tactile picture recognition can be described as the combination of two processes. First, the observer must determine the shape of the stimulus. Shape acquisition is a bottom-up process requiring integration of tactile information over space and time. As observers move their hands across the image, they must comprehend and remember local pieces of information obtained by the fingertips. With each movement, local contours have to be aggregated into global shapes. Next, the observer must associate the shape with a particular object. This involves higher-level mechanisms of retrieving object representations that match the perceived shape of the tactile image.
Despite the numerous studies on tactile picture recognition, it is still unclear where recognition goes awry. One possibility is that observers have difficulty acquiring shape information from touch. Because of the limited field of view and resolution of tactile sensory receptors, information is acquired sequentially and must be integrated during exploration. The limited field of view of touch can account for poor recognition of tactile pictures, presumably because of the increased perceptual and cognitive demand of integration (Loomis et al., 1991) . Indeed, recognition improves when observers increase the tactile field of view by using both hands (Wijntjes et al., 2008a) or multiple fingers on a hand (Klatzky et al., 1993) to feel the image.
Recognition of tactile images is generally better when they are actively rather than passively (stationary hand) scanned (Gibson, 1962; Heller, 1984; Heller and Myers, 1983) . Kinesthetic information obtained from hand movement may aid the process of integrating shape information as observers explore an image (Magee and Kennedy, 1980) . Also, tactile pictures are more easily recognized when they are larger in size (Wijntjes et al., 2008b) . Interestingly, sighted and blind observers are much better (75-85% accurate) at performing tactile match-to-sample tasks with geometric shapes (Heller, 1989) , suggesting that they can accurately obtain simplistic shape information by touch. Yet, it is still unknown just how well observers perceive the shape of more complex tactile images of objects.
Alternatively, recognition of tactile pictures may be compromised during higherlevel processing. It is possible that observers accurately perceive the tactile pattern, but have difficulty associating the pattern with a particular object. Heller et al. (1996) suggested that poor recognition largely results from difficulty in semantic labeling of the patterns rather than from poor tactile pattern perception. They found that recognition performance improved dramatically when participants were given categorical information (e.g., fruit, part of the body) about the tactile pictures.
Another hypothesis is that recognition of tactile pictures is dependent on visual experience. Tactile pictures are based on visual representations of objects, and often include pictorial cues that may be difficult to interpret by touch. Perhaps successful identification of the objects requires the use of imagery to translate the tactile inputs into a visual representation. Previous researchers have tested this possibility by comparing the performance of congenitally blind, late blind, and blindfolded sighted observers in tactile picture recognition. Heller (1989) found that congenitally blind and sighted participants performed similarly, while lateblind participants performed more accurately. However, other studies have found that congenitally blind individuals recognize more tactile pictures than sighted individuals (Heller et al., 1996; Lederman et al., 1990) . These mixed results make it unclear how much visual experience aids recognition of tactile pictures.
The goal of the current study was to better understand where errors in tactile picture recognition occur. In Experiment 1, we asked normally-sighted observers to feel tactile pictures while blindfolded. We then examined recognition accuracy as a function of both low-level (e.g., image complexity) and high-level (e.g., familiarity) characteristics of the pictures. In Experiment 2, we more directly assessed perception of tactile pictures by asking drawing experts, individuals with formal training in freehand drawing, to feel tactile pictures and then to draw what they felt. We were especially interested in examining drawings for trials in which the experts could not recognize the tactile picture as they were feeling them. If errors in recognition occur because of difficulty in higher-level processing, like object naming, rather than in shape acquisition, then the experts should draw accurate depictions of the tactile images even if they are unable to recognize the object.
Improved understanding of the process of tactile picture recognition has potentially important implications for the visually-impaired community. People with visual impairment use tactile graphics, typically created with Braille embossers, swell paper or tactile film, in a variety of settings, such as in education. However, these graphics are often difficult for users to understand. By probing the recognition process, we can help to improve the usefulness of tactile graphics for visuallyimpaired individuals.
Experiment 1
In Experiment 1, we asked whether there are consistencies in tactile recognition across blindfolded sighted observers. In other words, are there pictures that people typically recognize, and others that they do not recognize? If so, then we were interested in characteristics of the pictures that may account for this disparity in recognition. We compared recognition of the pictures to what we broadly can call low-level traits of the tactile stimulus versus high-level traits of the objects depicted in the images. We used ratings from naïve observers and computational metrics to determine the characteristics of these pictures.
Our hypothesis was that if recognition is influenced by the ease of tactile pattern perception, then recognition accuracy should correlate with low-level image characteristics, such as the symmetry and complexity of the image. It may be easier to acquire the shape of symmetrical images since the observer can make use of the repetition in the image; since both hands feel similar contours, there is an effective increase in the field of view and decrease in the cognitive load of integrating shape information. It may also be harder to integrate shape information from more complex images since detailed information may not be resolvable by touch.
If poor tactile picture recognition is the result of difficulty linking the acquired shape to an object, then higher-level properties of the objects should correlate with recognition accuracy. We looked at the correlation of recognition and two such properties -how well the depiction matched observers' mental image of the object and the familiarity of the object. Although previous studies have indicated possible differences between blind and sighted participants in their ability to recognize tactile pictures, we chose to test sighted individuals since they were more easily accessible. We also wanted to establish a baseline for performance before testing blind participants in future studies.
Method

Participants
Twenty-two sighted individuals (11 females/11 males, mean age of 31) participated in this experiment. All participants reported having normal or corrected-to-normal vision, and no known conditions affecting tactile perception. Participants were monetarily compensated for their time.
Materials
The tactile images comprised 28 raised-line drawings of common objects (Fig. 2 ) obtained from the Snodgrass and Vanderwart (1980) set. We selected images that were fairly simple (average rating of 2.00 where 5 is very complex). Tactile versions of these images were produced using swell paper and a heating machine (Reprotronics). The images were scaled to fit within an area that was approximately 16 cm wide and 11 cm tall.
Procedure
For each trial, participants were asked to wear a blindfold and to actively explore the tactile image using both hands. We wanted participants to explore the images using natural hand movements, and without limiting their tactile field of view, thereby optimizing chances for recognition. Participants were given two minutes to name the depicted object. We found that this time constraint provided enough opportunity for participants to explore and think about the images while also ensuring that we finished the experiment in a reasonable amount of time. After they made a guess or after two minutes had expired, the experimenter removed the image. The experimenter recorded the subjects' responses and the time taken to explore the image. The images were presented in a random order for each subject. The entire experiment took approximately one and a half hours.
Ratings
We recruited eight naïve observers (5 females/3 males, mean age of 31) to rate the tactile images when exploring them by touch or vision. The observers first felt the images while blindfolded and rated the images on complexity (1 -very simple, 5 -very complex) and symmetry (1 -very non-symmetrical, 5 -very symmetrical). Then the observers viewed the same images, and rated them on visual complexity and symmetry. As in Snodgrass and Vanderwart (1980) , we defined complexity as the amount of detail and the intricacy of the lines in the image.
We also obtained ratings for image agreement and familiarity from Snodgrass and Vanderwart (1980) . Image agreement referred to how closely the depiction matched the observer's mental image of the object (1 -low agreement, 5 -high agreement). The 'arrow' was rated as having the lowest image agreement (2.27) and the hanger had the highest image agreement (4.73). Familiarity referred to how familiar the objects were from general experience in the real world (1 -very unfamiliar, 5 -very familiar). The 'bell' was rated as being the least familiar object (2.20) and the 'key' was rated as the most familiar object (4.85). To eliminate concerns that these ratings are outdated, we asked four observers to judge the images on both characteristics using the same instructions described in Snodgrass and Vanderwart (1980) . The ratings of our subjects were highly correlated with the Snodgrass and Vanderwart ratings (image agreement: r = 0.60, p < 0.001; familiarity: r = 0.75, p < 0.001). Therefore, we used the Snodgrass and Vanderwart ratings in our analyses.
Computational Metrics
In addition to subject ratings, we also calculated quantitative measures of symmetry and complexity for each image. Symmetry was computed by reflecting the image across several axes (0-180 • in 10 • increments), and then calculating the Hausdorff distance (Huttenlocher et al., 1993) between the two halves. The Hausdorff distance is computed by first translating digitized versions of the two image halves into a set of points with x-and y-coordinates. We then computed the distance between the closest matching points in the two images. Image halves that were very similar had low Hausdorff distance scores, whereas images that were very dissimilar had high distance scores. Therefore, highly symmetric images had low Hausdorff distance scores and asymmetric images had high Hausdorff distance scores. The minimum Hausdorff distance across all possible axes was used as the symmetry metric for an image.
The complexity metric reflected the average variability of edge orientations within sub-regions of the image. We reasoned that more complex images tend to have more lines, intersections between lines and curvature. To compute complexity, we ran the images through a Scharr filter (Jähne et al., 1999) , and then computed the direction of gradient changes, thereby obtaining the values of local edge orientations. We then computed the entropy of the distribution of orientations within a sampling window. We then averaged the entropy measure over all the sampling windows in an image to define a final complexity measure. We expect that a higher average entropy metric, as calculated by this procedure, would correspond to a more complex image and, therefore, to a lower likelihood of recognition. In other words, average entropy would be negatively correlated with image recognition.
Results
On average, participants correctly recognized 40% of the twenty-eight tactile images. Figure 3 shows the proportion of participants who correctly recognized each tactile picture. The tactile pictures are listed in order of increasing complexity as determined by our subject ratings. The only picture that was recognized by all participants was the 'heart'. None of the participants were able to recognize the picture of the 'bread'. Also, in general, recognition of the images decreases as the complexity of the images increases, although this is not a perfect correlation (see below).
Recognition Accuracy vs Image Ratings
We correlated recognition accuracy of each picture with the ratings provided by our naïve observers and Snodgrass and Vanderwart (1980) . The ratings we obtained for visual complexity correlated highly with the ratings obtained by Snodgrass and Vanderwart (1980) (r = 0.80). Also, our raters made similar judgments by vision and touch for both complexity (r = 0.95) and symmetry (r = 0.83). Therefore, we used the visual ratings of complexity and symmetry obtained from our observers for the following analyses. Figure 4 shows the correlations between the recognition of each tactile picture and the four rating categories (symmetry, complexity, image agreement and familiarity). Both symmetry (r = 0.39, p = 0.038) and complexity (r = −0.45, p = 0.017) correlated significantly with how often the tactile pictures were recognized. On the other hand, image agreement and the familiarity of the objects did not correlate significantly with recognition. We also tried to adjust for the range restriction of these two variables using the Thorndike Case 2 correction (Hunter and Schmidt, 1990; Thorndike, 1949) . For image agreement, the corrected correlation was less than the original (r = 0.13) because our selected range of data was close to the full range. For familiarity, the corrected correlation was higher but still not significant (r = −0.29, p = 0.13). 
Recognition Accuracy vs Computational Metrics
We also correlated recognition accuracy with the quantitative measures of symmetry (Hausdorff Distance) and complexity (Orientation Entropy). Both measures were significantly correlated with the corresponding participant ratings (symmetry: r = −0.50, p = 0.007; complexity: r = 0.75, p < 0.001).
We found that only orientation entropy was significantly correlated with recognition of the tactile pictures (r = −0.41, p = 0.031) (Fig. 5) . Although Hausdorff Distance was not significantly correlated with recognition, the trend was in the expected direction (r = −0.32, p = 0.098).
Discussion
The results of Experiment 1 provide some insight into why tactile picture recognition is difficult. We found that some images are more easily recognized than others. Furthermore, recognition was significantly influenced by the complexity of the image, and to a lesser degree image symmetry. Image agreement (how well the depiction matched the observer's mental image of the object) and the familiarity of the object in everyday experience seemed to have very little influence on recognition. These findings suggest that tactile picture recognition is more dependent on the ease of bottom-up integration of shape information rather than high-level object matching. Lederman et al. (1990) also correlated recognition accuracy with various image characteristics, and found that the ease with which observers could imagine the stimulus as they were feeling it correlated highly with recognition. However, they did not find that recognition correlated significantly with the visual complexity of the images. One possible explanation is that we used a set of images with a greater range of complexity ratings than they did (visual complexity ratings of 1.00-4.25 compared to 1.2-3.25 from Snodgrass and Vanderwart, 1980 ). Our result is further supported by our finding that recognition accuracy was significantly correlated with a quantitative measure of image complexity.
Although recognition was generally dependent on image complexity, there were a few interesting exceptions to this rule. For example, although the 'butterfly' and 'kite' images were rated as highly complex, they were also recognized very often (recognition by approximately 80% of subjects). We speculate that even though these images contained a lot of detail, the external boundaries of the image were highly detectable and distinctive. Perhaps subjects were able to recognize the images based on the unique external outlines of the images. On the other hand, sometimes simple images, such as the 'spoon', were not easily recognized. It may be that the shape of the spoon was not very distinctive, and was, therefore, easily confusable with other objects. The 'uniqueness' of shapes is likely to be an additional parameter that would help explain recognition of tactile pictures.
From these results, it seems that the difficulty in tactile picture recognition for this set of images is better explained by shape attributes such as complexity. Such aspects of stimulus structure are more correlated with tactile recognition performance than high-level processes such as object-indexing from memory.
Experiment 2
In Experiment 2, we more directly assessed observers' perception of the shape of the tactile image by asking them to draw what they felt. To sidestep the possible confound of drawing ability, we recruited participants with significant drawing experience. If recognition of tactile pictures is primarily limited by access to shape information, as suggested by Experiment 1, then the drawings should reflect these errors. However, if observers are able to accurately acquire the shape of the tactile picture, then their drawings should look similar to the original image. In these cases, we suspect recognition is limited by the difficulty in associating the shape of the image with a particular object. To evaluate the errors in the drawings, we asked naïve observers to rate the drawings produced when the drawing experts were unable to recognize the tactile picture.
Method
Participants
We recruited 10 participants (6 females/4 males, mean age of 31) who were drawing experts. These individuals had formal training in freehand drawing, either through art or architecture programs. All participants were recruited from M.I.T. or the surrounding community and were compensated monetarily for their time.
Materials
We used the same tactile images as in Experiment 1.
Procedure
The procedure was the same as in Experiment 1 with the addition of the drawing task. After participants felt the tactile image for two minutes or after they guessed the name of the object, they lifted the blindfold and drew their perception of the tactile image. Participants were asked to make drawings even when they were unable to name the object in the tactile picture.
Ratings
We asked 4 naïve observers to rate the drawings produced when the experts were unable to accurately name the object in the tactile image. The raters were asked if the drawing looked like a nameable object; if they said yes, then they also provided the name of the object. The raters were presented with the drawings in a randomized order. They never saw the original tactile images.
Results
The expert subjects on average were able to correctly identify more tactile pictures (56%) than 10 age-matched (±3 years) non-experts from Experiment 1 (35%) Figure 6 . Examples of the three types of drawings created by subjects in Experiment 2. In all cases, subjects were unable to name the original tactile drawing. The name of the original tactile image is noted below each drawing.
(t = 2.83, p = 0.020). As in Experiment 1, recognition accuracy was significantly correlated with ratings of symmetry (r = 0.43, p = 0.021) and complexity (r = −0.48, p = 0.011), but not image agreement or familiarity.
We examined the drawings produced when experts were unable to correctly name the object depicted in the tactile image. From our observations, these drawings fell into one of three categories: incoherent, coherent but inaccurate, and coherent and accurate. Figure 6 illustrates examples of these three categories of drawings.
The incoherent drawings reflect errors in organizing the tactile information into global shapes; these drawings do not look like objects. The coherent but inaccurate drawings look like objects, but they are different from the ones presented in the original image. In this case, subjects usually made an incorrect guess about the identity of the object, which influenced their perception of the tactile stimulus. Interestingly, in the third category of drawings, subjects drew coherent and accurate depictions of the original image even though they could not name the object when feeling the tactile image. These trials seem to reflect an error in linking the acquired shape information with a particular object.
We used the ratings from the naïve observers to determine the frequency of the three types of errors. Although these frequencies are likely to be influenced by the particular images chosen for the experiment, it gives us an idea of the difficulty of shape acquisition versus object naming for this experiment. For each rater, we determined how often they classified drawings as not a nameable object (incoherent), as a nameable object but produced an incorrect name (coherent but inaccurate), or as a nameable object and produced a correct name (coherent and accurate). We then averaged the frequency of each type of error across raters. We found that the majority of errors were due to inaccuracies in acquiring the shape of the image; on average, the raters indicated that 46% of the drawings did not even look like objects and 27% of them looked like the incorrect object. For the remaining 27% of drawings, the raters were able to correctly identify the object depicted in the original tactile image, indicating that the drawers accurately obtained the shape of the tactile image. Figure 7 illustrates recognition accuracy and error type when observers did not recognize the tactile picture. The y-axis lists the objects from least complex ('heart') to most complex ('butterfly') as defined by the ratings obtained in Experiment 1. The x-axis indicates the proportion of subjects who either correctly recognized the tactile picture, or made one of the three errors as judged by our naïve raters. The first observation is that, generally, the simpler pictures are recognized more often than the more complex pictures, as was the case in Experiment 1. However, this rule does not always hold true; for example, the 'butterfly' was recognized by all participants even though it was one of the most complex images. Secondly, most of the errors in recognition are due to inaccuracies in shape acquisition, especially as the images become more complex. It is also interesting to note that for some of the simplest objects, like the 'pear' and 'hanger', all of the recognition errors were due to an inability to match the shape to a particular object. Therefore, even if the shape of the image is easy to understand, it must also be distinctive enough to associate with an object representation.
Discussion
The drawings produced by experts indicate that errors in tactile picture recognition occur in both low-level and high-level processes. However, the majority of errors reflect difficulty in acquiring the shape of the image. These errors could result from noisy haptic information as well as from the process of spatial and temporal integration. Also, as indicated by Fig. 7 , observers generally had greater difficulty integrating shape information for more complex images.
Furthermore, even if subjects were able to accurately acquire the shape of the tactile image, they still were not always able to name the object. One possible explanation for this behavior is that, for these trials, subjects do not have a representation of the global shape until they draw the image. Alternatively, subjects may have an accurate understanding of the global shape, but it is not distinct enough to be associated with a particular object.
General Discussion
The goal of this study was to better understand why tactile picture recognition is so difficult. We hypothesized that difficulty in recognition may arise at two possible places in the process. First, observers may have trouble integrating global shape information from local samples of tactile information. Secondly, once observers acquire the shape of the tactile image, they may have difficulty associating it with a particular object.
The results of these experiments suggest that for simple raised-line drawings of common objects, recognition is largely compromised by shape acquisition. Touch inherently has lower resolution and field of view as compared to vision. As observer's move their fingers over an image, they have to retain local pieces of tactile input so that it can be integrated with incoming input. Hence, it is possible that errors arise from the process of integrating local pieces of information into a global structure. Noisy motor control and poor spatial localization of the hand might also contribute to the error in integration. The integration process also requires more cognitive demands since local pieces of information must be retained in memory. All these factors are likely to contribute to the difficulty of tactile shape acquisition.
We did find that shape acquisition, and, therefore, recognition is significantly correlated with the complexity of the stimuli. Simple, geometric patterns like the 'crescent moon' and 'heart' were easily recognized; it was also easy for observers to acquire the overall shape of image. It may be more difficult to acquire the shape of complex images for several reasons. When the finger pad overlaps multiple lines, interference due to poor resolution can make it difficult to parse the different segments and their orientations (Loomis, 1981) . Also, it may be more confusing to trace the image if there are multiple intersections between segments. Interestingly, one exception to the link between recognition and image complexity was the 'butterfly' image. Although this picture ranked as the most complex image in our set, observers were able to easily recognize it. Perhaps observers found it easy to trace the outer boundary of the image unlike some of the other complex images. Furthermore, the distinctiveness of the butterfly shape may have facilitated recognition.
It is interesting to note that a shape's tactile recognizability appears to be correlated with how well it can tolerate degradation. Figure 8 illustrates this point. The images were generated by blurring and thresholding our original stimuli shown in Fig. 2 . The individual items are arranged in raster order of tactile recognizability (data from Experiment 1). To a first approximation, the first several images appear to maintain their recognizability better than the last several. It is also interesting to note the exceptions to this general idea. For instance, the cup appears to be recognizable after degradation, but is not well recognized in the tactile condition. In future work, it will be interesting to investigate how reasonable it is to approximate tactile estimates of shape as diffusions of the original curves and the associated obliteration and blending of detail.
Although the majority of recognition errors seem to be due to shape acquisition, observers sometimes were unable to recognize the image even if they understood its shape. In Experiment 2, these errors were evident when observers were able to accurately draw the tactile picture, even though they could not recognize it when feeling it. This type of error has been reported in the past, and the frequency of this error in Experiment 2 was consistent with what has been found previously (Wijntjes et al., 2008a) . It may be that for these cases observers are unable to visualize the global shape of the image until they draw it. The act of drawing forces the integration of local information, and allows the observer to visualize all the parts of the shape simultaneously. It may also be that the drawing is less noisy than the observers' mental image of the shape, which also allows for easier recognition. This may appear counterintuitive, but is based on the possibility that motoric reproduction of a felt contour might be more accurate than an internal visualization of the same, because the hand acts as both the sensor and the generator in the former case.
On a side note, we interestingly found that drawing experts were better at tactile picture recognition than non-experts. It may be that formal training in drawings aids recognition in several ways. Drawing experts may have better motor control, and, therefore, are better able to acquire the shape of the stimulus. Alternatively, their expertise in producing two-dimensional depictions of real world objects may also aid recognition. Although this comparison was not the focus of our study, this finding brings up interesting questions for future investigation.
In conclusion, our results suggest that integration of shape information is a significant obstacle to tactile picture recognition. Observers appear to have difficulty integrating local samples of the tactile stimulus into a global whole. From the applied perspective, the improvement of tactile picture perception for sighted as well as blind individuals will require facilitation of this integration process. This might be accomplished by novel training approaches that can help improve integration skills, or by the development of new styles of tactile depictions that mitigate integrative requirements.
